Dietary factors such as food texture are known to affect feeding behaviour and energy metabolism. We recently found that rats fed soft pellets (SPs) on a 3 h restricted feeding schedule showed glucose intolerance, insulin resistance with disruption of insulin signalling, and hyperplasia of pancreatic -cells, even though there were no differences in energy intake and body weight between rats fed control pellets (CPs) and rats fed SPs. We investigated the effect of food texture on fat accumulation, lipogenesis and proinflammatory factors in the mesenteric fat, as well as on energy balance in male rats fed CPs or SPs. We used 7-week-old Wistar rats that were randomly divided into two groups, ad libitum fed either CPs or SPs for 27 weeks. Body weight and calorie intake were monitored once a week throughout the experiment. The calorie intake, lipogenesis and fat accumulation of the rats fed SPs increased, whereas their body weight did not. Additionally, SP rats used their fat mainly as a source of energy and increased their energy expenditure. Our data suggest that the habit of frequently eating soft food causes visceral fat accumulation without an increase in body weight. Further investigations using soft-textured foods could lead to the development of appropriate interventions for non-overweight patients with lifestyle-related diseases.
INTRODUCTION
Obesity is becoming increasingly common worldwide and increases the risk of various lifestyle-related diseases such as type 2 diabetes, heart disease and stroke (Aggoun, 2007; Bray & Bellanger, 2006; Ginsberg & MacCallum, 2009; Hedley et al., 2004) . Although obesity is usually caused by the ingestion of calories in excess of daily requirement (Swinburn, Caterson, Seidell, & James, 2004) , obese people are thought to have different eating habits from normal-weight people with respect to bite size, ingestion rate, number of chews per bite and chewing speed (Spiegel, Kaplan, Tomassini, & Stellar, 1993) .
In addition, increased ingestion rates are associated with obesity and reduced ingestion rates are associated with reductions in body weight (Maruyama et al., 2008; Otsuka et al., 2006; Sasaki, Katagiri, Tsuji, Shimoda, & Amano, 2003) . These findings imply a close relationship between eating habits and obesity or obesity-related diseases.
c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society Type 2 diabetes starts at a lower body mass index in East Asians than in Westerners (Ma & Chan, 2013; Sone et al., 2003) , because East Asians have genetically poorer insulin sensitivity and insulin response than Westerners (Kodama et al., 2013) . Recently, we investigated the effect of food texture on energy metabolism in rats by using standard solid food pellets (51% carbohydrate, 25% protein and 4.6% fat) or the same pellets to which we added water (soft pellets). Rats fed the soft pellets (SPs) on a 3 h restricted feeding schedule showed glucose intolerance, insulin resistance with disruption of insulin signalling and hyperplasia of pancreatic -cells, even though there were no differences in energy intake or body weight between rats fed the control pellets (CPs) and those fed the SPs (Bae et al., 2014) . These findings suggest that the phenotype of SP rats may be similar to that of those East Asian patients with type 2 diabetes who have a standard body mass index (BMI). In addition, rats fed SPs show greater abdominal fat accumulation than rats fed CPs, because of Experimental Physiology. 2018;103:1347-1356.
wileyonlinelibrary.com/journal/ephlowered post-prandial thermogenesis (Oka et al., 2003) . Therefore, food texture could have an important influence on the regulation of energy homeostasis.
Here, we investigated the effects of food texture on fat accumulation, lipogenesis and proinflammatory factors in the mesenteric fat, as well as on energy balance, in male rats fed SPs or CPs ad libitum. In addition, we measured the expression of genes involved in hypothalamus-mediated control of energy metabolism.
Furthermore, we evaluated the expression of genes involved in biosynthesis and degradation of catecholamines in the adrenal glands, and assessed the plasma levels of catecholamines (adrenaline, noradrenaline and dopamine) to elucidate the influence of food texture on the sympathetic nervous system.
METHODS

Ethical approval
All procedures were performed in accordance with the Japanese 
Animals
Twenty-one male Wistar rats (Charles River Japan, Shiga, Japan) aged 7 weeks were used. Rats were individually housed in plastic cages at a constant room temperature under a 12-h light/12-h dark cycle (light:
08.00 to 20.00 h). The rats were randomly allocated to two groups (n = 10 or 11 per group) and fed either CPs or SPs for 27 weeks.
The CP group was fed standard laboratory chow (51% carbohydrate, 25% protein and 4.6% fat; CE-2; CLEA Japan, Tokyo, Japan). The SP group was fed standard laboratory chow to which water was added (standard laboratory chow, 1 g; water, 1.5 ml). All rats were allowed ad libitum access to food and water. We exchanged the food of SPs every morning. Body weight and calorie intake were monitored once a week throughout the experiment.
Oxygen consumption, respiratory exchange ratio and locomotor activity
In rats fed CPs or SPs for 24 weeks (n = 4 per group), oxygen consumption (V O 2 ) and respiratory exchange ratio (RER;V CO 2 /V O 2 )
were measured by using Comprehensive Lab Animal Monitering System (Columbus Instruments, Columbus, OH, USA), and spontaneous locomotor activity was measured with a rat locomotor activity recording system device (ACTIMO; Bio Research Center, Tokyo, Japan)
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• What is the central question of this manuscript?
What is the effect of food texture on fat accumulation, lipogenesis and proinflammatory factors in the adipose tissue and on energy balance in male rats?
• What is the main finding and its importance?
Calorie intake and fat accumulation in rats fed soft pellets ad libitum increased, but their body weight did not. The data suggest that, even when BMI is normal, frequent consumption of soft food may contribute to the development of lifestyle-related diseases.
for a week (Bae et al., 2014 
Quantitative PCR
The hypothalami, left adrenal gland, subcutaneous back-fat and mesenteric fat were removed from CP or SP rats after 27 weeks (n = 5 or 7 per group). Total RNA was extracted from the hypo- 
Western blotting
The mesenteric fat tissues of CP and SP rats (n = 5 or 7 per group) and phospho-JNK was quantified by densitometry relative to total ACC and JNK, respectively, by using ImageJ software.
CT and histological analysis of adipose tissues
Rats fed CPs or SPs for 27 weeks were anaesthetized with pentobarbital (50 mg kg −1 , I.P.) and then scanned at 1.5 mm intervals by micro-CT (LaTheta; Aloka, Tokyo, Japan) between the proximal end of L1 and the distal end of L6 (n = 5 per group). The abdominal adiposity and lean mass in each rat were then determined by using LaTheta software (version 1.00). In addition, subcutaneous and mesenteric fat tissues were fixed in 10% (v/v) neutral buffered formalin (Nacalai Tesque) at 4 • C, dehydrated, embedded in paraffin, cut into 3 m-thick sections, and stained with haematoxylin and eosin (n = 5 per group). Images were viewed and captured with a Zeiss AX10 microscope (Carl Zeiss, Oberkochen, Germany). Adipocyte diameter was quantified by measuring adipocytes in randomly selected visual fields in two different sections from each of five CP and SP rats.
Plasma levels of leptin and catecholamines
Blood samples were obtained from rats fed CPs or SPs for 27 weeks (n = 5 or 7 per group). After overnight fasting, all rats were killed by decapitation under anaesthesia. The blood was collected into heparin tubes, and all blood samples were centrifuged at 1700 g for 15 min
at 4 • C. The plasma was stored at −30 • C until analysed. Plasma levels of leptin were measured with an ultrasensitive rat leptin ELISA kit (Morinaga Institute of Biological Science, Yokohama, Japan). Plasma levels of catecholamines (adrenaline, noradrenaline and dopamine)
were measured with a 3-CAT research ELISA kit (Labor Diagnostika
Nord GmbH & Co. KG, Nordhorn, Germany).
Statistical analysis
We compared groups of data by using Student's t tests or by analysis of variance with the post hoc Bonferroni test (Prism 6, GraphPad Software, San Diego, CA, USA). All data were expressed as means ± SD.
P values less than 0.05 were considered significant.
RESULTS
Calorie intake, body weight and energy expenditure of rats fed CPs or SPs
To investigate the influence of food texture on energy balance, we assessed the variations in energy intake and energy expenditure . (e) Respiratory exchange ratio (n = 4 per group). * P < 0.05, ** P < 0.01, *** P < 0.001 vs. rats fed CPs between the CP and SP groups. Although calorie intake and cumulative energy intake were significantly greater in the SP rats than in the CP rats (Figure 1a ), there were no significant differences in body weight between the two groups ( Figure 1b ).V O 2 and locomotor activity in the light phase did not differ between the two groups, whereas in the dark phase the meanV O 2 of SP rats was significantly higher than that of CP rats ( Figure 1c ) and locomotor activity was significantly higher in SP rats than in CP rats at some time points (Figure 1d ). Mean RER was significantly lower in SP rats than in CP rats in both the light phase and the dark phase (Figure 1e ).
Effect of SP diet on adiposity and lipid synthesis
Next, we examined differences in adiposity between the CP and SP groups by using CT and by examining factors involved in lipid synthesis in the mesenteric fat. Subcutaneous or visceral fat tissue was identified automatically on the CT slices (Figure 2a ). The percentages of both subcutaneous and visceral fat were significantly greater in SP rats than in CP rats (Figure 2b ). In contrast, the lean mass was lower in SP rats than in CP rats (Figure 2b ). In addition, adipocytes in the subcutaneous fat and mesenteric fat were significantly larger in SP rats than in CP rats ( Figure 2c ). Although FASN mRNA expression in the subcutaneous fat tended to be greater in SP rats than in CP rats, the difference was not significant (Figure 2d ). However, in the mesenteric fat, FASN mRNA expression was significantly greater in SP rats than in CP rats (Figure 2d ). We also investigated the production and phosphorylation of ACC, which are important processes in lipogenesis. Although ACC production in CP rats and SP rats was similar, phosphorylation of ACC was significantly lower in SP rats than in CP rats (Figure 2e ). In addition, plasma leptin levels were significantly higher in SP rats than in CP rats (Figure 2f ).
Hypothalamic expression level of genes involved in regulation of feeding
To determine the influence of food texture on the production of orexigenic or anorectic substances produced in the hypothalamus, we evaluated the differences in mRNA levels of NPY, AGRP, CART and POMC between CP and SP rats. There were no significant betweengroup differences in the mRNA levels of NPY and AGRP (orexigenic molecules) (Figure 3a,b) , whereas the mRNA levels of CART and POMC (anorectic substances) were significantly lower in SP rats than in CP rats (Figure 3c,d ).
Expression of genes associated with pro-inflammatory cytokines in mesenteric fat
Production of pro-inflammatory factors such as TNF and MCP1 increases in obesity, and these factors play a role in macrophage infiltration into obese adipose tissue, leading to chronic inflammation (Wellen & Hotamisligil, 2003) . Therefore, we compared these proinflammatory factors in the mesenteric fat between the CP and SP groups. Although the expression of TNF mRNA was similar between CP rats and SP rats, MCP1 mRNA expression was significantly higher (e) Levels of phosphorylated acetyl-CoA carboxylate (pACC) and total ACC in the mesenteric fat of rats fed SPs or CPs were assessed by western blotting analysis (n = 5 to 7 per group). pACC levels were normalized against total ACC levels. Total ACC levels were normalized against -actin levels. (f) Plasma leptin levels in rats fed SPs or CPs (n = 5 or 7 per group). * P < 0.05, *** P < 0.001 vs. rats fed CPs . pJNK levels were normalized against total JNK levels. Total JNK levels were normalized against -tubulin levels. * P < 0.05, *** P < 0.001 vs. rats fed CPs in SP rats than in CP rats (Figure 4a ). In obesity, mitogen-activated protein kinase (MAPK) family kinases induce visceral adiposity and are involved in the production of MCP1 (Ito et al., 2007) . Therefore, we examined the mRNA expression of MKP1, which is a crucial factor involved in the inactivation of MAPK pathways, and the phosphorylation level of JNK, which is involved in MCP1 transcription.
MKP1 mRNA levels were significantly lower in SP rats than in CP rats (Figure 4b ). Phosphorylated JNK levels were significantly greater in SP rats than in CP rats, although total JNK levels were similar between CP rats and SP rats (Figure 4c ).
Catecholamine synthesis in adrenal glands and plasma catecholamine levels
The sympathetic nervous system plays an important role in the aetiology of animal and human obesity through its impact on energy expenditure. The adrenal medulla is stimulated by the sympathetic nervous system to secrete catecholamines (noradrenaline, adrenaline and dopamine). We examined the expression of genes involved in the biosynthesis and degradation of catecholamines in the adrenal glands, as well as plasma catecholamine levels, in both CP rats and SP rats. Catecholamines are synthesized by four enzymes from tyrosine:
(1) tyrosine hydroxylase, which is a rate-limiting enzyme, determines the overall rates of dopamine and noradrenaline formation; (2) aromatic L-amino acid decarboxylase converts dopa to dopamine, and this reaction depends on the levels of the enzyme's cofactor, pyridoxal phosphate; (3) DBH converts dopamine to noradrenaline; and (4) PNMT converts noradrenaline to adrenaline (Kvetnansky, Sabban, & Palkovits, 2009) . Although DBH mRNA expression was similar between CP rats and SP rats, tyrosine hydroxylase and PNMT mRNA expression was significantly higher in SP rats than in CP rats (Figure 5a ). The mRNA expression of COMT, which is involved in catecholamine degradation, was similar between CP rats and SP rats (Figure 5b ). In addition, plasma levels of adrenaline, noradrenaline and dopamine were significantly higher in SP rats than in CP rats ( Figure 5c ).
DISCUSSION
We investigated the metabolic features and adiposity of rats fed an SP diet ad libitum for 27 weeks. The calorie intake of SP rats was significantly higher than that of CP rats, whereas there were no significant differences in body weight between the two groups.
Considering the fact that, in humans, low-viscosity foods such as liquids produce less satiety than solid foods (Mattes & Rothacker, 2001; Pan & Hu, 2011) , SP rats may also feel less satiated than CP rats.
Previous studies have shown that soft diets and long-term tube feeding cause large increases in both body weight and body fat in both rats and humans (LeBlanc & Brondel, 1985; Oka et al., 2003) . On the other hand, our data showed that the body weights of SP rats were similar to those of CP rats, despite the significant increase in calorie intake of the former group. We therefore investigated energy expenditure in the two groups. Our data demonstrated that mean oxygen consumption 
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Quantitative PCR analysis of (a) tyrosine hydroxylase, dopamine -hydroxylase (DBH), phenylethanolamine N-methyltransferase (PNMT), and (b) catechol O-methyltransferase (COMT) in the adrenal glands of rats fed soft pellets (SPs) or control pellets (CPs) (n = 5 or 7 per group). (c) Plasma levels of adrenaline, noradrenaline and dopamine in rats fed SPs or CPs (n = 5 or 7 per group). * P < 0.05, ** P < 0.01, *** P < 0.001 vs. rats fed CPs and mean locomotor activity in the dark phase were higher in SP rats than in CP rats. In addition, RER -an indicator of the type of fuel metabolized for energy utilization -was significantly lower in SP rats than in CP rats, indicating that the rats fed SPs utilized fat for energy more than did the CP rats. In the future, temporal investigation of the correlation of RER with adiposity, leptin or insulin concentration will be needed to elucidate the physiological regulatory system for energy homeostasis. Taken together, these findings suggest that, although the SP rats took in excess calories over the 27 weeks, their energy homeostasis was maintained through an increase in energy expenditure or increased use of body fat for energy, or both. We have shown that the digestion speed of SP rats is faster than that of CP rats in a previous study (Bae et al., 2014) . Foods that are quickly digested and absorbed not only cause postprandial hyperglycaemia but also persistent hyperinsulinaemia. Insulin and glucose levels are known to be involved in the spontaneous locomotor activity. Indeed, spontaneous locomotor activity in diabetic mice was significantly greater than that in nondiabetic mice (Kamei & Saitoh, 1997; Kamei et al., 1994) . Therefore, it is possible that the impaired insulin signalling in SP rats was concerned in the increase of locomotor activity. To elucidate why the calorie intake of SP rats increased and what factors induced by the SP diet led to the maintenance of energy balance, further examination will be needed.
In addition, we revealed that the lean mass was significantly lower in SP rats than in CP rats. This result may reflect that mitochondrial functions would be less in SP rats than in CP rats. Investigation of mitochondrial function and protein degradation in muscles would be useful to understand the physiology of maintaining the normal body composition.
Although there were no significant differences in body weight between CP rats and SP rats, as described above, we revealed that the percentages of both visceral and subcutaneous fat were significantly greater in SP rats than in CP rats. In the mesenteric fat of SP rats, expression of FASN mRNA was significantly increased.
FASN is an enzyme involved in the synthesis of fatty acids from malonyl-CoA, which is formed through the carboxylation of acetylCoA by ACC. Therefore, we investigated the expression of ACC and its phosphorylation. There were no significant differences in ACC production between SP and CP rats, whereas ACC phosphorylation was dramatically lower in SP rats than in CP rats. Because ACC is inactivated by phosphorylation (Currie, Schulze, Zechner, Walther, & Farese, 2013) , the decrease in the phosphorylation of ACC in the mesenteric fat of SP rats would have accelerated the lipogenesis induced by FASN. The size of the adipocytes, as well as the fat percentage, was larger in SP rats than in CP rats. In accordance with this increase in adiposity in the SP rats, plasma leptin levels in these rats were markedly elevated. Leptin directly stimulates anorexigenic POMC/CART neurons in the hypothalamus, thus regulating energy homeostasis (Morton, Cummings, Baskin, Barsh, & Schwartz, 2006; Schwartz, Woods, Porte, Seeley, & Baskin, 2000) . We found here that expression of the mRNAs of POMC and CART was significantly lower in the hypothalami of SP rats than in those of CP rats. These findings suggest that SP rats have leptin resistance, resulting in increased calorie intake. Although the whole mechanism of leptin resistance has yet to be clarified, leptin is thought to affect central control of appetite.
Many studies have demonstrated that proinflammatory factors such as TNF and MCP1 play an important role in the development of obesity (Makki, Froguel, & Wolowczuk, 2013) . These factors are strongly associated with macrophage infiltration into obese adipose tissue, leading to chronic inflammation (Wellen & Hotamisligil, 2003) . Chronic inflammation impairs adipocyte insulin sensitivity and promotes insulin resistance in association with obesity (Hotamisligil & Spiegelman, 1994; Hotamisligil, Shargill, & Spiegelman, 1993; Sartipy & Loskutoff, 2003) . We showed here that there were no significant differences in TNF mRNA expression in the mesenteric fat of SP and CP rats, whereas MCP1 mRNA expression was greater in SP rats than in CP rats. MCP1 production is induced by MAPK family kinases, which are activated in the stress response to the development of obesity (Johnson & Lapadat, 2002) . MKP1 is required for MCP1 protein synthesis (Reddy et al., 2001 ), but downregulation of MKP1
is critical for increased production of MCP1 during the course of adipocyte hypertrophy (Ito et al., 2007) . MKP1 mRNA expression in the mesenteric fat was significantly lower in our SP rats than in the CP rats. MKP1 preferentially deph12342osphorylates p38 MAPK and JNK (Franklin & Kraft, 1997; Franklin, Srikanth, & Kraft, 1998) . We observed that phosphorylated JNK levels in the mesenteric fat of SP rats increased, unlike those in CP rats, in accordance with the downregulation of MKP1. These results suggest that inflammation and insulin resistance in the mesenteric fat of the SP rats were induced via MAPK signalling. To elucidate how intake of soft food induces the activation of MAPK signalling, further investigations will be required.
The sympathetic nervous system is involved in the control of human and animal energy metabolism through its impact on energy expenditure (Thorp & Schlaich, 2015) . Indeed, activation of the sympathetic nervous system increases -adrenergic thermogenesis (Lowell & Bachman, 2003) , and this knowledge has led to the development of anti-obesity drugs (Adan, 2013) . Here, we demonstrated that plasma catecholamine levels and catecholamine synthesis in the adrenal glands were significantly higher in SP rats than in CP rats. The catecholamine, especially dopamine, level in the brain affects locomotor activity (Beninger, 1983) . These findings suggest that the SP rats, which took in more calories than the CP rats, kept their body weights normal through the increased energy expenditure associated with stimulation of the sympathetic nervous system. We need to further investigate which factors and/or systems related to an increase in locomotive activity during dark phase in SP rats. Moreover, sympathetic activity is a key factor in the development of cardiovascular disease (Bruno et al., 2012) . Obese adults have constantly raised urinary noradrenaline (Lee et al., 2001 ). Excessive fat is associated with elevation of catecholamines, leading to raised blood pressure and heart rate (Bruno et al., 2012) . Therefore, the increased adiposity in the SP rats may have contributed to the rise in their catecholamine levels, which in turn would be expected to promote atherosclerosis. In addition, we used young adult rats to investigate effects of food texture in this study. The prevalence of type 2 diabetes and obesity in adolescents and young adults is dramatically increasing nowadays (Lascar et al., 2018; Skinner, Perrin, & Skelton, 2016) . Young adults with early-onset type 2 diabetes and obesity have a much higher risk of cardiovascular disease (Hillier and Pedula 2003) . Our results suggest that eating habits including preference of food texture may be important factors in causing lifestyle diseases of young people.
In summary, we demonstrated here that the calorie intake and fat accumulation in rats fed an SP diet ad libitum increased, but their body weight did not. Our data suggest that, even when BMI is normal, frequent consumption of soft food may contribute to the development of lifestyle-related diseases. Further investigations using soft-textured food may lead to appropriate interventions for nonoverweight patients with metabolic syndrome.
